Corals and coral-reef ecosystems have been known to be extremely sensitive to environmental pollution, which effects on growth and calcification of their skeletons. Diffused phosphate dust during loading and shipment in seawater was found to cause serious impacts on corals by inhibiting calcification in their skeletons. Calcium concentrations in cultured fragments of coral Stylophora pistillata from Phosphate Terminal (PT) site in the Jordanian Gulf of Aqaba were investigated and compared with fragments from the same colony cultured in the Marine Science Station (MSS) site as marine protected area. Energy Disperse X-rays (EDX) spectroscopy and Scanning Electron Microscopy (SEM) were employed to determine the elemental composition of coral fragments and identify their microstructural characteristics, respectively. EDX results showed that coral samples from the Phosphate Terminal (PT) site were poorly mineralized with significantly low concentrations of calcium which were only about 12% of those from the MSS control site. Moreover, higher amounts of O and C in the elemental analysis of corals from the PT site indicated domination of organic matrix content in their skeleton which is typical for corals under phosphate pollution stress. This result was in accordance with the SEM images of the PT samples which exhibited alteration in their microstructure morphology resembling organic matrix as a major constituent, unlike the SEM images from the MSS protected area. These results strongly suggest that phosphate dust which is diffused during exportation through loading and shipping in the Gulf of Aqaba has adverse impacts on corals and marine ecosystem through decreasing calcium mineralization in their skeletons.
Introduction
Coral reef ecosystems were found to be highly sensitive to changes in the surrounding physicochemical environment [1] . Coastal coral reefs are increasingly exposed to growing loads of nutrients, sediments and pollutants which made terrestrial and coastal runoff a growing concern for most of the 104 countries endowed with coral reefs [2] [3] . Moreover, using and handling of fertilizer that contains phosphate has led to change of seawater quality in coastal areas [4] [5] .
The Jordanian coastline is only 27 km long, and lies in one of the most important economic development districts in Jordan. Due to high rates of industrial developments, population growth, and tourism, the Gulf of Aqaba has been heavily impacted by human activities, especially along its northern part [6] . The export in the port of Aqaba is dominated by the phosphates [7] , and the Port Corporation of Aqaba operates a large Phosphate export facility that is capable of loading 2200 tons of material per hour [8] .
Loading phosphate of ships with conventional loading systems resulted in very high levels of dust pollution [9] . Phosphate is an extremely dry and dusty material and is produced as a constituent of fertilizer. Much of the dust settles into the sea leading to increasing phosphate concentrations in seawater due to its high solubility [10] [11]. Phosphate dust in Aqaba seawater is soluble over the annual water temperature range and some algae may be able to solubilize particulate phosphate [12] [13] .
Pollution by mineral phosphate dust as a consequence of inefficient loading of crushed phosphate rock [14] leads to increase of eutrophication in seawater, which affects survival and stability of reef communities [15] - [18] , with additional response of widespread coral death.
Phosphate and phosphate-containing organics are known as inhibiters of calcification [19] - [21] and were reported to decrease calcification in the corals Pocillopora damicornis [22] and even entire patch reefs [23] . However, this phosphate dust has also physical effects in reducing the light intensity and increasing sedimentation, both of which have been shown to have deleterious effects on reefs [24] .
Coral reefs in Nauru Island in the north pacific were threatened by phosphate export industry, which has been operated for 100 years [25] . Widespread phosphate mining in the Pacific Islands has destroyed vast spaces of the coral reef [26] .
Several studies on phosphate pollution in the Gulf of Aqaba near the Phosphate Terminal (PT) were conducted in the early 1990s [27] - [30] . High traces of uranium compared with those reported from other regions in the world as well as high levels of radioactivity in core and beach sediments at the Phosphate Terminal location were reported and were referred to the phosphate dust during shipment [31] . High levels of radioactive isotopes exist in sediments in the Phosphate Loading Berth site in the Gulf of Aqaba, which are much higher than those reported from other regions around the world (at least by a factor of 2) and from the other locations in the Gulf of Aqaba (by at least a factor of 3) [31] .
The destruction of corals by pollution and other anthropogenic factors leads to the eventual threat to many reef-associated species dependent on living corals for food, shelter, and refuge from predators [32] .
The Stylophora pistillata is among the important coral species and known to be the fastest of the scleractinian corals that are common in the Gulf of Aqaba as well as in the Red Sea. It is also very suitable for research due to being sampled without major damage to the colony [33] [34] .
In this study, calcium composition of Stylophora pistillata corals from Phosphate Terminal site in the Jordanian Gulf of Aqaba, where phosphate dust is the main pollutant, was investigated. This paper reports remarkable findings including low calcium observation and microstructure alteration in samples of coral skeleton taken from Phosphate Terminal (PT) compared to samples from the MSS control site. The coral samples were characterized by energy-dispersive X-ray spectroscopy (EDX) and Scanning Electron Microscopy (SEM) for the analysis of calcium in the skeleton and its microstructure investigation, respectively.
Materials and Methods
Small fragments of the model branching coral Stylophora pistillata were cultured in a mid-water floating nursery along the Jordanian coast of Gulf of Aqaba [35] . The fragments developed into small colonies to be used as bio-indicator for marine pollution in the selected sites.
Coral samples were collected from the nurseries in the Phosphate Terminal (PT) site and Marine Science Station (MSS) as marine protected area for control samples (Figure 1) . Phosphate Terminal (PT) lies about 3 km south of Aqaba city (Figure 1 ) and is the single port for loading and exporting phosphate ore in Jordan while MSS is located about 10 km south of the city of Aqaba near to the passenger's port.
Coral samples were cut perpendicular to the skeletal growth using low speed diamond saw (BUEHLER Isomat, Germany) and cross section surfaces were further polished using ethyleneglycol lubricant to provide a flat surface that was coated with Au for the SEM imaging.
Field-Emission Scanning Electron Microscope (JEOL JSM-7500F) with an Oxford Instruments detector was used for performing the EDX analysis to measure the elemental content in the coral samples and their corresponding emission spectra, as well as acquiring SEM images for the cross section of each sample.
EDX analysis usually involves the generation of an X-ray spectrum from the entire scan area of the SEM, which shows the counts of X-rays received and processed by the detector and the energy level of those counts. The EDX instrument software associates the energy level of the X-rays with the elements found in the scan area.
Results and Discussion
Selected EDX spectra from samples of both locations: MSS and PT, are shown in Figure 2 and Figure 3 , respectively. The EDX spectra contain peaks of each element that exist in the focused area. The recorded spectra from all samples showed presence of Ca, C, and O, but for the MSS samples it contains additional trace elements. However, weak calcium peaks from the PT samples compared to the MSS samples can be well recognized. From these spectra, quantitative analysis indicating the weight percent (wt%) of each element was calculated and presented using Oxford Instruments software.
The quantitative elemental analysis of calcium in addition to oxygen and carbon in coral samples collected from the PT and MSS sites were averaged and presented in Table 1 . The EDX elemental quantitative analysis shows that coral samples from the Phosphate Terminal (PT) were poorly mineralized; having very low Ca concentration of only 2.56%, which is around 12% of the average in the MSS control sample (21.95%).
Phosphate enrichment in seawater is known as inhibitor of calcification in corals and coralline algae as well [36] [37] . Phosphate is reported to causes a 36% inhibition of calcification in Stylophora pistillata at relatively low phosphate concentrations in seawater, and stops it completely (99%) at high concentrations [38] .
Thus, low calcium concentrations in the PT samples can be directly related to hindered calcification due to phosphate particles deposited in seawater from the phosphate dust that diffused during ships' loading processes. Phosphate pollution has been implicated as a contributor to the decline of reef ecosystems in the Gulf of Aqaba, an area stressed by both oil and phosphate pollution [14] [39] [40] . Inhibition of calcification due to phosphate pollution is also known a major problem for the natural patch reef on the Great Barrier Reef reducing growth by 43% [23] and in Nauru Island in the north pacific [25] . Walker and Ormond (1982) found that phosphate spillage in the Gulf of Aqaba during loading of phosphate materials and the discharge of sewage is responsible for increasing the death rate of Stylophora pistillata coral. However, Loya (1965) has reported tolerance of coral species Stylophora pistillata to the phosphate [41] .
The environmental impacts of the deposited phosphate dust on marine ecosystem include not only siltation of the coral reef and depression of coral growth [42] , but also increasing suspended solids and water turbidity, reduction of water clarity and light penetration [43] . Reduced light, excess phosphate and sedimentation is responsible for reduced calcification and increased mortality of corals [37] .
The coastal area of the Phosphate Terminal (PT) site in the Gulf of Aqaba contains high sedimentation rate and fine grain size attributed to deposition habitat that receives phosphate particles lost during shipment [44] , whereas the Marine Science Station (MSS) site shows the highest calcium carbonate and organic nitrogen concentrations [44] .
In Table 1 , PT samples contained also higher amounts of O and C elements which are more than that in samples from the MSS control site (Figure 4) . The average combined concentration of O and C elements in corals from PT site is 97.44 wt% whereas for the MSS samples it was 76.81 wt%; i.e. 20% less. On the other hand, the SEM images of the cross section from samples of the PT (Figure 5 left) exhibited remarkable difference in the microstructure features of their skeleton compared to that from the MSS control site (Figure 5 right) . The ceramic-like surface of the MSS samples' cross section resembled mineralized textured surface, which reveals that aragonite is the major constituent in their coral skeleton, whereas the SEM image from the PT site samples showed alteration of the microstructure due to dominance of organic fibers in the skeleton.
Results strongly suggest that coral samples from the PT site contain higher amounts of organic matter which is expected due to the role of phosphate in enhancement of coral zooxanthellae photosynthesis that is responsible for the synthesis of organic matrix of the skeleton [45] . It was also reported that high organic carbon content and high total phosphorus concentration were observed at the Phosphate Terminal (PT) compared to the MSS site [44] .
Earlier elemental analysis study on corals from different sites along the Jordanian coast of the Gulf of Aqaba, showed that coral samples from the PT site contain in addition to low calcium concentrations, considerable amounts of trace elements like Ni, and Na [46] .
Conclusion
Corals that are exposed to phosphate dust during exportation process suffered from very low calcium concentrations in their skeleton. This can be attributed to the well-known inhibition process of calcification by increase of phosphate concentrations in surrounding seawater at the time the corals were formed. Higher organic matrix was found to dominate the structure composition, which is also as a result of phosphate pollution. Coral skeleton mi- crostructure alteration was also recognized in SEM images presenting the view of organic matrix rather than mineral composition as a result of the phosphate dust. Further elemental analysis and microstructure studies could be conducted on other coral species and several skeletal organisms that live in the Phosphate Terminal coastal site in order to find out their response to phosphate pollution.
